Suppression of the host defense is one of the hallmarks of Yersinia enterocolitica infection. This enteric pathogen resists phagocytosis and interferes with macrophage functions from an extracellular localization (oxidative-burst generation and tumor necrosis factor alpha production). In this study, we investigated the fate of the Y. enterocolitica-infected macrophage. We found that murine J774A.1 macrophages and macrophages derived from human monocytes were killed by infection with Y. enterocolitica. Analysis of cellular morphology and DNA fragmentation revealed that macrophage cell death occurs through the induction of apoptosis. A total of 92% ؎ 5% (mean ؎ standard deviation) of murine J774A.1 macrophages and 74% ؎ 6% of human monocyte-derived macrophages underwent apoptosis upon Yersinia infection after 4 and 20 h, respectively. The broad-spectrum caspase inhibitor Z-Val-Ala-DL-Asp-fluoromethylketone blocked completion of the Yersinia-induced apoptotic program but not the surface exposure of phosphatidylserine as an early-stage apoptotic event. Analysis of different Yersinia mutants showed that macrophage apoptosis depends on a functional Y. enterocolitica type III protein secretion system. Apoptotic cell death of macrophages was not related to the YopE-mediated cytotoxic effect of Yersinia, since disruption of actin microfilaments by a Y. enterocolitica strain expressing a restricted repertoire of yop genes, including YopE, did not result in macrophage apoptosis. Furthermore, Yersinia-induced cytotoxic alterations in epithelial HeLa cells, which are conferred by YopE, did not lead to apoptosis. Our data demonstrate for the first time that Y. enterocolitica promotes the apoptosis of macrophages, an effect which is clearly distinct from the morphological alterations mediated by Yersinia on epithelial HeLa cells.
Yersinia enterocolitica is an enteric pathogen which has developed strategies to resist the immune defense of the host. Following ingestion, the bacteria transit to the ileum, where they invade the intestinal mucosa and proliferate within the lymphoid follicles (Peyer's patches) (21) . Replication of Y. enterocolitica in the host lymphoid tissue depends on the presence of a 70-kb virulence plasmid (pYV) that encodes a set of secreted proteins, termed Yops (Yersinia outer proteins) (25, 44) . The Yop proteins mediate resistance to host defense mechanisms. YopH is a protein tyrosine phosphatase (20) which dephosphorylates host cell proteins (3, 8) . It is assumed that YopH subverts normal signal transduction processes of the eukaryotic cell (3, 8) . YopE causes disruption of the actin microfilament structure (38) , which induces rounding and detachment of mammalian cells from the extracellular matrix (18, (37) (38) (39) . Together, these two proteins are largely responsible for the inhibition of phagocytosis and the suppression of the oxidative burst of professional phagocytes (7, 15, 23, 36, 37, 41) . In addition, yersiniae inhibit tumor necrosis factor alpha production by macrophages, a feature which is distinct from the effects mediated by YopH and YopE (40) . At least four Yops, YopH, YopE, YopO, and YopM, are translocated inside the eukaryotic cell by surface-bound bacteria upon host cell contact (13) . Export of the Yop proteins is mediated by a virulence-plasmid-encoded type III protein secretion system. Yop translocation is controlled by YopN and requires the translocator proteins YopD and YopB as well as LcrV (for a recent review on the Yersinia Yop virulon, see reference 13).
The Yersinia Yop virulon constitutes a sophisticated bacterial system for subverting eukaryotic cells which enables survival and extracellular multiplication of the bacteria in the host lymphoid tissue (13, 22) . Virulence-plasmid-cured yersiniae are nonpathogenic and rapidly eliminated in the intestinal lymphoid follicles by the activity of phagocytic cells (22) . In vivo studies in the murine infection model provide evidence for a central role of phagocytes in Yersinia pathogenesis (5, 22) and imply that evasion of the microbicidal action of phagocytes is a critical step in the outcome of Y. enterocolitica infection.
Despite severe interference with macrophage antibacterial activities, the fate of the Yersinia-infected macrophage is far from clear. Two other enteropathogenic bacteria, Shigella flexneri and Salmonella typhimurium, have recently been shown to kill macrophages by activation of their intrinsic cell death program, leading to apoptosis (10, 29, 31, 48) . Apoptosis is an innate cell suicide mechanism that is essential for normal development of the multicellular organism. It is involved in the ablation of unwanted, damaged, or potentially neoplastic cells. Initiation of apoptosis activates a core apoptotic program present in all cells (2) . Interleukin 1␤-converting enzyme (ICE)-related proteases, designated caspases (1), are the major executors of this apoptotic program, causing the morphological changes on apoptotic cells (30, 32) . Main characteristics are shrinkage of the cytoplasm, condensation of the nuclear chromatin, and fragmentation of the chromosomal DNA into multimers of 200 bp (2) . Now there is increasing evidence that this form of cell death also plays a role in the pathogenesis of infectious diseases.
In this study, we show that the interaction of Y. enterocolitica with macrophages leads to macrophage cell death through apoptosis. Yersinia-induced apoptosis of macrophages must be distinguished from the morphological changes seen on HeLa cells upon Yersinia infection and may reflect an additional strategy of this bacterial pathogen to overcome the host defense.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The bacterial strains used in this study are listed in Table 1 . Overnight cultures grown at 26°C were diluted 1:20 in fresh Luria-Bertani broth and grown for 2 h at 37°C as described previously (40, 41) . Then the bacteria were washed once and resuspended in phosphatebuffered saline (PBS) at a concentration of 10 8 bacteria/ml. The desired bacterial concentration was adjusted by measuring the optical density at 600 nm and checked by plating serial dilutions of the samples on agar and counting CFU after incubation at 26°C for 20 h.
Cell culture, isolation of blood monocytes, and infection conditions. The murine macrophage-like cell line J774.A1 and the human epithelial HeLa cell line were routinely grown in cell growth medium (RPMI 1640 medium supplemented with 10% heat-inactivated fetal calf serum and 5 mM L-glutamine) (Life Technologies, Cergy, Pontoise, France). Peripheral blood monocytes were isolated from healthy donors by standard Ficoll-Hypaque (Sigma, St. Louis, Mo.) gradient centrifugation as previously described (9) . They were resuspended in cell growth medium and incubated overnight in plastic culture plates. Thereafter, monocytes were thoroughly washed to remove nonadherent cells. The purity of monocytes obtained by this technique was more than 90%, as determined by binding of monoclonal antibodies to CD14 (9) . Differentiation to macrophages was performed by incubation with 500 U of granulocyte-macrophage colonystimulating factor (GM-CSF; Schering-Plough, Levallois-Perret, France) per ml for 5 days. Cells were always incubated at 37°C and with 5% CO 2 in a humidified atmosphere. In some experiments, the ICE-related protease inhibitor Z-Val-Ala-DL-Asp-fluoromethylketone (ZVAD.fmk) (Bachem, Voisins le Bretonneux, France) was included. In these cases, cells were pretreated with ZVAD.fmk (100 M) for 2 h before infection. Infections were performed at a multiplicity of infection (MOI) of 50 bacteria per cell for 90 min unless stated otherwise. After infection, HeLa cells and GM-CSF-differentiated monocytes were centrifuged for 5 min at 400 ϫ g to facilitate contact between bacteria and cells. After 90 min of infection, the medium was replaced by fresh culture medium supplemented with 100 g of gentamicin per ml. When the ICE-related protease inhibitor ZVAD.fmk was included, the medium was not changed, but bacteria were killed by the addition of gentamicin (100 g/ml). Incubation of the cells was continued for the time periods indicated in the experiments.
Analysis of cell viability. Cell viability was determined by trypan blue exclusion. At the indicated time points after infection, cells grown in culture plates were overlaid with trypan blue (0.1%) and scored visually with an inverted microscope. A minimum of 100 cells per sample was analyzed. Each experiment was done twice.
Analysis of DNA fragmentation. Fragmentation of DNA was analyzed as described previously (26 Assessment of apoptosis by fluorescence microscopy. Apoptotic cells were detected and quantified by an assay based on the detection of phosphatidylserine exposed on the outer leaflet of apoptotic cells. Unfixed cells were stained with fluorescein-conjugated annexin V, which has high affinity to membrane-exposed phosphatidylserine according to the manufacturer's instructions (Annexin-VFluos; Boehringer). The simultaneous application of the DNA stain propidium iodide (Sigma) allowed the discrimination of apoptotic from necrotic cells, since the nuclei of necrotic cells retain their shapes but the nuclei of apoptotic cells appear to be strongly condensed (2) . The percentages of apoptotic cells were determined by counting a minimum of 100 cells per sample in a fluorescence microscope (Leica DM IRB). Experiments were repeated three times.
DNA fragmentation in individual apoptotic cells was also detected by terminal deoxytransferase-mediated dUTP nick end labeling (TUNEL reaction). The MEBSTAIN apoptosis kit (Immunotech; Marseille, France) was used to label free 3Ј OH ends of DNA fragments with fluorescein as recommended by the manufacturer.
Immunofluorescent labeling of F-actin. F-actin was stained with BODIPY FL phallacidin in accordance with the manufacturer's instructions (Molecular Probes, Leiden, The Netherlands). Briefly, infected cells were fixed in PBS-3.7% paraformaldehyde for 20 min, permeabilized with PBS-0.2% Triton X-100 for 5 min, and labeled with BODIPY FL phallacidin for 20 min. Thereafter, bacteria were stained with a rabbit polyclonal anti-Y. enterocolitica O8 (41) and a second rhodamine-conjugated anti-rabbit immunoglobulin G antibody (Sigma). Labeled preparations were observed with a fluorescence microscope.
RESULTS
Morphological changes and viability of J774A.1 macrophages upon Y. enterocolitica infection. The murine macrophage cell line J774A.1 was infected with the virulent wild-type (WA-314) and a nonpathogenic, virulence-plasmid-cured (WA-C) Y. enterocolitica strain at a ratio of 50 bacteria per cell. After 90 min, extracellular bacteria were killed with gentamicin. Morphological changes of J774A.1 macrophages were analyzed by phasecontrast microscopy following 4 h of incubation. Compared to untreated cells (Fig. 1a) , macrophages infected with the nonvirulent strain WA-C appeared to be strongly swollen (Fig. 1b) , originating from the high rate of phagocytosis of this strain (40) . In contrast, the virulent wild-type strain WA-314, which resists phagocytosis by J774A.1 cells and remains extracellularly located at the macrophage surface (40) , induced a heterogeneous picture of morphological changes in J774A.1 cells (Fig. 1c) . Some cells were remarkably shrunken and condensed, while other cells acquired an intense granular appearance and a ruffled plasma membrane. These processes strongly resembled membrane blebbing and cytoplasmic vacuolization, which are ultrastructural characteristics of cells undergoing apoptosis (2) .
Trypan blue exclusion revealed that more than 30% of J774A.1 macrophages infected with the virulent strain WA-314 were already dead after 4 h of incubation. The percentage of dead cells increased to more than 80% after 8 h, whereas more than 90% of the macrophages which were not treated or infected with the nonvirulent strain WA-C remained viable at that time point.
Virulence-plasmid-bearing Y. enterocolitica induces DNA fragmentation of J774A.1 macrophages. To find out whether J774A.1 cells killed by virulent Y. enterocolitica undergo apoptotic cell death, we investigated DNA fragmentation of the dying cells, which is one of the main characteristics of apopto- Cell death of J774A.1 macrophages in response to Y. enterocolitica infection occurs through apoptosis. To determine the proportion of apoptotic cells in Y. enterocolitica-infected J774A.1 macrophages, we labeled apoptotic cells with fluorescein-conjugated annexin V, which binds with high affinity to phosphatidylserine exposed on the outer membranes of cells undergoing apoptosis (14, 46) . Phosphatidylserine exposure occurs in the early stages of apoptosis, prior to the loss of membrane integrity (46) . In cells which had already lost their membrane integrity, the simultaneous application of the membrane-impermeable DNA stain propidium iodide allowed the analysis of chromatin condensation as a late-stage apoptotic event (46) . The kinetics of Y. enterocolitica-induced apoptosis (Fig. 2b) was followed over the same time course as the DNA fragmentation (Fig. 2a) . After 150 min (Fig. 2, lane 6 ), 31% Ϯ 6% (mean Ϯ standard deviation [SD]) of the J774A.1 cells infected with the virulent strain WA-314 were already annexin V positive, i.e., had started the apoptotic process. This result correlated with the appearance of DNA fragmentation at the same time point. The percentage of apoptotic cells increased to 95% Ϯ 4% after 270 min (Fig. 2, lane 12) . In contrast to the virulent Y. enterocolitica strain WA-314, the virulence-plasmidcured strain WA-C failed to induce apoptosis of J774A.1 macrophages ( Fig. 2a and b and Fig. 3a) . Cells undergoing apoptosis exhibited a heterogeneous picture of apoptotic features in the fluorescence microscope (Fig. 3b) ; cells in earlier stages of apoptosis had an almost normal appearance but were annexin V positive (green fluorescence), while apoptotic cells in later stages shrank remarkably and lost membrane integrity, and the condensed chromatin was strongly stained with propidium iodide (red fluorescence). The proportion of propidium iodide-positive cells closely corresponded to the proportion of cells which could not exclude trypan blue.
In situ DNA fragmentation could also be demonstrated by the TUNEL reaction, an assay based on the labeling of free DNA ends with fluorescein (data not shown). Forty to fifty percent of WA-314-infected J774A.1 cells exhibited TUNELpositive chromatin after 4 h. However, the percentages of TUNEL-positive cells appearing at later time points were difficult to determine, since many cells were already detached from the matrix. (Fig. 3c) , indicating that the external display of phosphatidylserine was not prevented by ZVAD.fmk. Analyzing the effect of ZVAD.fmk on DNA fragmentation at 4 and 20 h after infection (Fig. 4) , we found that nucleosome laddering induced by the virulent strain WA-314 (Fig. 4, lane 3 ) was completely inhibited (Fig. 4, lanes 4 and 8) . Figure 4 also reveals that DNA fragmentation due to infection with virulent yersiniae was completed after 20 h, since no more fragments were detected (Fig. 4, lane 7) . On the other hand, J774A.1 cells infected with the nonvirulent strain WA-C exhibited weak DNA degradation after 20 h (Fig. 4, lane 6) , a phenomenon which can be attributed to a low rate of apoptosis occurring in macrophages after phagocytosis of extracellular bacteria (6) .
Y. enterocolitica-induced apoptosis of J774A.1 macrophages depends on a functional type III protein secretion system but is not a consequence of Yersinia-mediated disruption of actin microfilaments. We investigated different Y. enterocolitica mutants and strains to restrict the number of potential virulence factors involved in the promotion of apoptosis. Figure 5 displays the results obtained with the different Y. enterocolitica strains with respect to DNA fragmentation (Fig. 5a ) and phosphatidylserine exposure (Fig. 5b) . In these experiments, staurosporine (5 M) was included as a positive control, inducing (Fig. 5, lane 4) was as efficient as the virulent wild-type strain WA-314 (Fig. 5,  lane 3 ) in the induction of apoptosis. Similar results were obtained with a mutant directly affected in yopH expression (data not shown), indicating that apoptosis is not mediated by YopH. The protein LcrD is an essential element of the Yersinia type III secretion apparatus (34) , and thus, inactivation of lcrD in strain WA-C(pYV-515) prevents the secretion of all of the Yops (41). The lcrD mutant WA-C(pYV-515) (Fig. 5, lane 5) failed to induce apoptosis of J774A.1 macrophages almost to the same extent as the virulence-plasmid-cured strain WA-C (Fig. 5, lane 2) . This result proves that macrophage-programmed cell death triggered by Y. enterocolitica is mediated by secreted virulence factors depending on a functional Yop secretion system. In this context, we tested two other Y. enterocolitica strains expressing a restricted repertoire of yop genes. Strain WA-C(pLCR) harbors the fragment of the Y. enterocolitica virulence plasmid encoding the Yop secretion machinery and the genes for the translocator and/or regulator proteins YopD, YopB, LcrV, and YopN. The second strain, referred to as WA-C(pLCR, pB8-23), carries an additional plasmid encoding the genes for YopH and YopE and for the adhesin YadA. In contrast to strain WA-C(pLCR), strain WA-C(pLCR, pB8-23) is highly resistant to phagocytosis and suppresses the macrophage oxidative burst (40), virulence properties which are known to be conferred by YopH and YopE (7, 15, 23, 36, 37, 41) . However, neither strain was efficient in inducing apoptosis of J774A.1 cells (Fig. 5, lanes 6 and 7) . These findings imply that the proteins secreted by strain WA-C(pLCR, pB8-23) (YopD, YopB, LcrV, YopN, YopH, and YopE) are not (at least not solely) responsible for the induction of macrophage apoptosis.
apoptosis of 95% Ϯ 2% of the cells within 4 h (data not shown). Strain WA-C(pYV-7146) is selectively impaired in the secretion of YopH by insertional inactivation of the YopHspecific chaperone gene sycH (41). This strain
The actin-depolymerizing activity of YopE is known to confer morphological changes to mammalian cells (37, 38) . To examine the possibility that Yersinia-induced disruption of the actin cytoskeleton causes macrophage apoptosis, we infected J774A.1 cells with different Yersinia strains and analyzed the behavior of the actin cytoskeleton. Immunofluorescent labeling of F-actin with phallacidin demonstrated rapid disruption of the actin filaments upon infection with the virulent strain WA-314 (Fig. 6b) and the YopH/YopE-translocating strain WA-C(pLCR, pB8-23) (Fig. 6c) . Both strains induced a change in the microfilament structure from an ordered appearance to a disordered granular pattern (38) , which was obviously mediated by extracellularly bound bacteria. Most likely, this was the effect of YopE (38) . In contrast, the virulence-plasmid-cured strain WA-C appeared to be efficiently phagocytosed, but the actin microfilament structure of the macrophages was not affected (Fig. 6a) . However, since strain WA-314, but not strain WA-C(pLCR, pB8-23), was able to induce apoptosis of J774A.1 cells (Fig. 5) , these results show that Y. enterocolitica-mediated disruption of the actin filaments is not responsible for triggering macrophage apoptosis.
Y. enterocolitica triggers apoptosis of human macrophages but not of epithelial HeLa cells. We wondered whether Y. enterocolitica-induced apoptosis is unique to J774A.1 murine macrophages or whether it also occurs in macrophages derived from human monocytes and in epithelial HeLa cells. GM-CSFdifferentiated human macrophages were infected either with virulence-plasmid-cured (WA-C) or virulence-plasmid-bearing yersiniae (WA-314) or with strain WA-C(pLCR, pB8-23). Af- 
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ter incubation for 4 h, selective macrophages treated with strain WA-314 exhibited characteristic membrane blebbing (data not shown) and underwent apoptosis after a final incubation of 20 h (74% Ϯ 6% apoptotic cells [ Table 2 ]). Macrophages infected with strain WA-C(pLCR, pB8-23) were strongly affected after 4 h. Cells rounded up and shrunk remarkably, an effect probably mediated by YopE (data not shown). After 20 h, cells recovered almost completely (Table 2) . Thus, although this process seems to be delayed, Y. enterocolitica triggers apoptosis in human macrophages in the same fashion as in J774A.1 cells.
Human epithelial HeLa cells treated with the strains WA-314 and WA-C(pLCR, pB8-23) exhibited the classical morphological alterations attributed to the YopE actin-depolymerizing effect (37, 38) after only 90 min of incubation; cells rounded up and tended to detach from the culture dish ( Fig. 7c and e) . These morphological changes were still visible after 8 h, but no significant cell apoptosis occured within that period, as determined by detection of surface-exposed phosphatidylserine ( Fig. 7d and f) . A single apoptotic cell is included in every image in Fig. 7 . The majority of the HeLa cells had not undergone apoptosis up to 20 h after infection (Table 2) , whether they were treated with virulence-plasmid-cured yersiniae, wildtype yersiniae, or strain WA-C(pLCR, pB8-23). Similar results were obtained by the trypan blue exclusion assay. Only 10 to 20% of the infected HeLa cells were found to be dead after 20 h. Thus, HeLa cells do not remarkably lose viability and clearly respond differently to Y. enterocolitica infection than macrophages.
DISCUSSION
In this study, we have shown that Y. enterocolitica kills murine J774A.1 macrophages and macrophages derived from human monocytes through the induction of apoptosis. Macrophages infected with Y. enterocolitica exhibited characteristic features of cells undergoing programmed cell death, such as DNA fragmentation, external exposure of phosphatidylserine, membrane blebbing, and chromatin condensation. These effects are mediated by surface-bound bacteria, since yersiniae resist phagocytosis and are located extracellularly at the macrophage membrane (15, 36, 37, 40, 43) . We used the cellpermeable caspase inhibitor ZVAD.fmk to reveal a crucial role for caspases in Y. enterocolitica-induced apoptosis, since ZVAD.fmk is an effective inhibitor of all tested caspases (4, 17, 30) . In J774A.1 cells, ZVAD.fmk prevented DNA fragmentation and membrane permeabilization induced by Y. enterocolitica but did not prevent the external display of phosphatidyl- serine as an early-stage apoptotic event. This implies that caspases are involved not in the onset of J774A.1 cell apoptosis, as characterized by surface phosphatidylserine exposure, but in the completion of the program, once it is initiated. This feature does not seem to be unique to infection with Y. enterocolitica, since under our experimental conditions, treatment of J774A.1 cells with the apoptosis-inducing agent staurosporine also did not prevent phosphatidylserine exposure in the presence of ZVAD.fmk (data not shown).
We compared the effects observed on macrophages with the events triggered on HeLa cells by Y. enterocolitica infection. The human epithelial HeLa cell line is a very well-established model of infection for the study of Yersinia-host cell interactions (37) (38) (39) . The events occurring on HeLa cells were in sharp contrast to the apoptotic processes taking place in macrophages. HeLa cells exhibited the classical alterations mediated by YopE, i.e., they rounded up and tended to detach from the matrix (37, 38) , but they did not undergo apoptosis, and cell viability was not affected. Indications for different behaviors of macrophages and HeLa cells in response to Yersinia infection have already been provided in the literature. Goguen et al. (18) found that macrophage cell viability was reduced, as tested in a 51 Cr release assay, whereas Rosqvist and Wolf-Watz (39) revealed no impaired viability of HeLa cells upon treatment with yersiniae. However, until now, the literature has not discriminated between the morphological alterations occurring on HeLa cells and macrophages; both were designated "cytotoxic" effects (18, 39) . Our results now clearly demonstrate that HeLa cells and macrophages respond differently to Yersinia infection. Actin disruption mediated by YopE, which causes the global morphological changes on HeLa cells (38) , does not seem to be the driving force of macrophage apoptosis. Accordingly, a Y. enterocolitica strain secreting only a restricted repertoire of Yops, including YopE, induced strong actin depolymerization of J774A.1 macrophages and severe morphological alterations in human macrophages but did not trigger apoptosis. Yersinia mutants with impaired yopE expression were previously reported to induce the same morphological changes on macrophages as wild-type yersiniae after 3 h of infection (23) and to be cytotoxic (37) . In fact, these effects may be due to modifications resulting from macrophage apoptosis. In our study, a yopE mutant of Yersinia pseudotuberculosis [strain YPIII(pIB522), kindly provided by H. Wolf-Watz] was able to trigger apoptosis in J774A.1 cells (data not shown). Taken together, these data provide strong evidence that YopE is not responsible for the induction of macrophage apoptosis. The results obtained with the lcrD mutant, a strain with impaired secretion of all Yops, showed that apoptosis triggered by Y. enterocolitica depends on a functional type III protein secretion system. This finding implies that one or more secreted Yersinia virulence factors do specifically induce the macrophage cell death program. Previous studies suggested that macrophage cytotoxicity observed with the yopE mutant may be an effect of YopH (37) . However, analysis of a Y. enterocolitica mutant whose YopH secretion was affected excluded the possibility that apoptosis is mediated by YopH.
A type III protein secretion system similar to that of Yersinia spp. has been shown to be required for the apoptotic effects induced by S. typhimurium and S. flexneri on macrophages (10, 29, 31, 48) . Nevertheless, the mechanism and the strategy by which Y. enterocolitica triggers apoptosis appears to differ from those of Salmonella-and Shigella-mediated apoptosis. Cell death induced by these facultative intracellular pathogens shows a close correlation with the capability of these bacteria to invade infected cells, implying that the virulence factors mediating cell invasion are also responsible for apoptosis (10, 31, 48). In contrast, Y. enterocolitica avoids the internalization of macrophages and appears to trigger macrophage cell death from an extracellular localization. Furthermore, recent studies demonstrated that S. flexneri kills human monocyte-derived macrophages by the induction of necrosis, whereas murine J774A.1 cells undergo apoptotic cell death upon Shigella infection (16) . Our work shows that Yersinia infection of both cell types results in cell death by apoptosis. This suggests that the mechanism used by Yersinia to induce apoptosis is more general than that used by Shigella. In S. flexneri, the invasion plasmid antigen B (IpaB) was found to induce apoptosis by binding directly to caspase-1/interleukin 1␤-converting enzyme (11) . IpaB binding appears to upregulate caspase-1 activity, and specific inhibition of caspase-1 with peptide Ac-Tyr-ValAla-aspartic acid aldehyde (Ac-YVAD-CHO) prevents Shigella-induced apoptosis (11) . In our study, the caspase-1 inhibitor did not block apoptosis induced by Y. enterocolitica (data not shown). Together with the finding that the broad-spectrum caspase inhibitor ZVAD.fmk blocked the completion, but not the onset, of Yersinia-induced apoptosis, these results strongly indicate that Yersinia, unlike Shigella, initiates apoptosis at a level upstream of caspase activation, independently of caspase-1. Several reports claim a role of mitogen-activated protein kinase (MAPK) modules in the regulation of apoptosis (12, 19, 27, 28, 33, 42, 45, 47) , and there is good evidence that parallel cascades of MAPK families serve to regulate cell proliferation and cell death (2) . A differential activation state of one or several groups of MAPKs may also be involved in Yersiniainduced programmed cell death, since macrophage ERK1/2, p38, and JNK MAPKs are initially stimulated and subsequently deactivated by Y. enterocolitica infection (40) . However, the mechanism of Yersinia-induced apoptosis and the virulence factor(s) involved remain to be elucidated.
In conclusion, our study emphasizes the complexity of the strategy used by Y. enterocolitica to neutralize host defenses. Interaction of Y. enterocolitica with macrophages, characterized by interference with macrophage phagocytosis, oxidativeburst generation, and tumor necrosis factor alpha production, culminates in the induction of the intrinsic macrophage cell death program. Macrophage apoptosis has not been recognized for many years because it was masked by the "cytotoxic" YopE effect, which, in fact, appears not to be responsible for macrophage cell death. Apoptosis of macrophages may be viewed as another outstanding hallmark of Yersinia-mediated subversion of the eukaryotic immune defense. Our study indicates the existence of a novel strategy used by a bacterial pathogen to promote macrophage suicide.
